In this work, we propose a structural deformation measuring method based on structural feature processing (straight line/edge detection) of the recorded digital images for specimens subjected to a high-temperature environment. Both radiation light and oxidation at high temperatures challenge the optics-based measurements. The images of a rectangular piece of copper specimen are obtained by using a bandpass filtering method at high temperatures, then all the edges are detected by using an edge detection operator, and then a Hough transform is conducted to search the straight edges for the calculation of deformation. Especially, due to the severe oxidation, a special seed strategy is adopted to reduce the oxidation effect and obtain an accurate result. For validation, the structural thermal deformation and the values of coefficients of thermal expansion for the copper specimen are measured and compared with data in the literature. The results reveal that the proposed method is accurate to measure the deformation of the structures at high temperatures.
INTRODUCTION
High-temperature deformation measurement is critical for evaluating and developing structural materials used in highspeed aircraft or gas turbines. For instance, the structural distance between two adjacent coating panels as well as this distance change in service conditions is of great importance, which needs to be evaluated by using a high-temperature deformation measuring technique. There have been a large number of studies on developing such methods and many classic techniques have been reported. In 1989, Post and Wood [1] extended the moiré interferometry to measure thermal strains for both steady-state and transient problems. Lyons et al. [2] proposed a high-temperature deformation measuring method using digital image correlation (DIC) in 1996, which led to a great development for the DIC technique [3] [4] [5] [6] [7] [8] [9] [10] [11] . Another method, known as electronic speckle pattern interferometry, was proposed by Dudescu et al. [12] in 2006 to measure the thermal deformation of carbon fiber composites and computed the coefficient of thermal expansion (CTE). And later a high-frequency high-temperature optical strain/displacement gauge was reported by Sharpe [13] . Huang et al. [14] designed a hybrid optical fiber sensor for simultaneous measurement of high temperature and large strain. As well, the laser-based shear interferometry methods are proposed to measure topography, system curvatures, and deformation of thin films/substrate systems at elevated temperatures [15, 16, 17] . Moreover, the above shear interferometry method at high temperatures is extended to obtain the shear geometry path by using digital image processing in order to improve the robustness of applications in industry environment [18] .
However, it should be noted that the surface of the structural component is usually subjected to oxidation or ablation environment [19] . When oxidized, the surface morphology becomes drastically different from the primary morphology at room temperature, resulting in a decorrelation of the natural surface speckle (e.g., original surface texture). In addition, in real engineering tests, spraying speckle on the specimen surface is usually not permitted, which means if there is no natural texture on the surface of the specimen, many of the digital image processing methods mentioned above will become invalid.specimens going through drastic surface change during oxidation and ablation. However, it is currently inconvenient for large/full field structural deformation measuring.
Edge detection is an important technique in the field of image processing; it has been applied to much scientific research. Abdel-Qader et al. [20] used edge detection for crack identification in bridges, and found the most reliable edge-detection algorithm for identifying cracks. In 2013, Jahanshahi et al. [21] proposed a method for crack detection and quantification by combining edge detection and 3D reconstruction and the technique can detect cracks and quantify their thicknesses. Edge detection has also been adopted to measure high-temperature deformation of steels [22] ; however, it is noticed that there was not a proper method or setup to eliminate the strong radiation during the test, which inevitably brings difficulty in detecting the exact edge and reduces the accuracy.
In this work, we propose a method to measure the structural deformation based on structural feature processing for the easily oxidized and ablated materials with specific straight edge features. A large piece of copper (150 mm × 30 mm × 4 mm) is heated from room temperature to 1000°C in a high-temperature chamber. Surface morphology change of the specimen is recorded by a CMOS camera via a bandpass filter. Then we recognize the straight edges of the specimen in the obtained images through a Hough transform. Finally, structural deformation is measured by comparing the straight edges location. In addition, due to the severe oxidation of copper, a special technique called seed strategy is adopted to obtain an accurate result. By comparing the thermal deformation and CTE of the above copper sample with the reported value in the literature, it shows that the proposed method is feasible to measure the structural deformation of the easily oxidized and ablated materials without speckle on its surface.
EXPERIMENTAL SETUP
The experimental setup is shown schematically in Fig. 1 , and has two main parts. The first part is the heating device, which is used to heat the specimen from room temperature to 1000°C under closed-loop control from a K -type thermocouple. The heating device specifically includes a heating chamber, heaters made of Si-Mo bars, a specimen stage, a thermocouple, and a temperature controller panel. The target temperature is set on the temperature controller panel and the heating rate is controlled by adjusting the electric current. The thermocouple can real-time monitor the instant temperature of the specimen. Meanwhile, the temperature controller compares the instant temperature with the target temperature so that it adjusts the electric power to regulate the heating rate. This closed-loop control system guarantees high accuracy for the heating process to obtain desirable heating rate. An observation window with a diameter of 100 mm on the top of the heating chamber is opened, through which the images of the specimens can be captured.
The other part is the image capturing system, which is used to record the high-quality images at various temperatures. The image capturing system specifically includes a CMOS camera (SP 5000-USB, JAI) with a resolution of 2560 × 2048 pixels at 256 gray levels, and a prime lens (f 75 mm, Myutron-HF7518V) equipped with a bandpass filter. The half-band width of the filter is 500-550 nm and the camera optical axis is normal to the surface of the specimen.
MEASUREMENT PRINCIPLES A. Principle of Band-Filtering Method
One of the biggest challenges in high-temperature environments is strong radiation, which is also of grave concern in the present experiment as the highest temperature reaches 1000°C. The radiation is strong enough to cause light oversaturation. In order to solve this problem, Fang and co-workers [19, 23, 24] have proposed a method using a variety of bandpass filters to reduce radiation and record the images of the specimen surface at high temperatures. Notice that here the temperatures between the Si-Mo bars and the specimen surface are not the same, i.e., the temperature of the Si-Mo bars is much higher than the surface temperature of the specimen. Wien's law indicates that the hotter an object, the shorter the wavelength it most radiates. Thus, in order to avoid detecting the radiation emitted by the Si-Mo bars as well as weakening the radiation from the specimen surface, a relatively longer bandpass filter is chosen for the experiment. The characteristic of the filter is shown in Fig. 2 . Moreover, air disturbance is also a common problem in high-temperature measurement. However, according to the recorded image, the heated air in the chamber is stable enough, so the effect of the air disturbance for acquisition can be ignored.
An example based on the current experiment is shown in Fig. 3 by using a bandpass filter for the copper specimen in the heating chamber. It is shown that without the bandpass filter, the image is oversaturated due to strong radiation. With the filtering method, the image of the specimen can be clearly observed.
B. Principle of Image Processing
As stated above, in a high-temperature environment, when the material surface is severely oxidized or with the original speckles destroyed, most of the noncontact measurement methods will no longer be valid. But for materials with a specific straight edge feature, it is applicable to detect the structural feature in the images and further obtain the structural deformation. The principle is described in detail as follows.
Detection for All Edges
Edge features show a large gradient in images. Various methods and detectors for edge detection have been reported in the literature, such as the Sobel operator and Prewitt operator in the early years. Some more robust and precise operators, for instance, the Marr operator and Canny operator [25, 26] [26] . There are two thresholds used in the operator, and various thresholds can detect various edge features. First of all, we apply Gaussian smoothing to the original image to restrict the effect of noise. The Gaussian function adopted is shown below, Gx; y
where x; y is the local coordinate in the filter window range, σ is the smoothing parameter, and n denotes the size of the filter window.
Then we compute the first-order difference of the Gaussiansmoothed image with the differential operator:
The specific expression of the first-order difference is g 
where ξx; y is the sector value corresponding to the direction angle. Finally, two proper thresholds are chosen to connect the edge and all of the edges in the image can be detected. In order to get subpixel-level edges, the Zernike moments operator [27] was adopted to improve the accuracy. After all probable edge points are detected through the above operation, 
φ tan
The subpixel-level edge can be obtained (where N is the size of the mask):
Find Straight Edges Using Hough Transform
After the edges in the image are obtained, the next step is to find the straight ones. Here we adopt the method of Hough transform. The Hough transform method was proposed by Paul Hough in 1962 [28] and was extended by Duda and Hart [29] . This method uses a coordinate transformation based on the edges detected in the first step, then it counts up the number of transformed dots into a new coordinate, where the larger numbers correspond to particular lines. Commonly, we express line L in the xy-coordinate with the equation
Then we establish a ρθ-coordinate, where ρ is the distance from the origin to the line, θ is the angle of the vertical between the origin and the line, as shown in Fig. 4(a) . There is a dual relation between points in the xy-coordinate and sinusoidal in the ρθ-coordinate:
Thus, each line in the xy-coordinate has a corresponding point in the ρθ-coordinate. And all of the lines cross the same point in the xy-coordinate corresponding to a sinusoidal curve in the ρθ-coordinate, i.e., a point in the xy-coordinate is corresponding to a sinusoidal curve in the ρθ-coordinate. An example of the transform is shown in Fig. 4 . Points A, B, and C on line L in Fig. 4(a) are corresponding to the black line A, red line B, and green line C in Fig. 4(b) , respectively. Point P in the ρθ-coordinate is the transformation of line L in the xy-coordinate.
During processing, the cross time of the curves in the ρθ-coordinate is counted up to recognize the corresponding straight line in the xy-coordinate. Figure 5 shows an example of the proposed image processing method. Figure 5(a) is the original image with distinct edges. In Fig. 5(b) all of the edges were detected by the Canny operator. After the Hough transform was applied, the straight edges were recognized (marked with red line), as shown in Fig. 5(c) .
According to the above description, the edge detection process can be demonstrated by a flow chart, as shown in Fig. 6 . 
Seed Strategy
It should be noted that if the oxidation on the material surface is rough or the structure is complex, many other lines will be detected. In order to recognize the expected line, we proposed a seed strategy here. After we obtained the original image and before image processing, we selected several (two in this experiment) pixel points manually from the image as seeds for accurate judgment. The seeds location is visually close to the expected line in the image. After the Hough transform, if the detected straight edges were more than expected, a judgment will be carried out to pick up the expected straight lines. Specifically, we calculated the distance from the seeds to each straight line and then compared the distance to select the smallest ones (two in this experiment); the corresponding lines will be chosen as the expected edge. Figure 7 is an example of the seed strategy.
EXPERIMENTAL VALIDATION
In order to verify the proposed method for structural deformation measurement in a high-temperature environment, a copper specimen with a size 150 mm × 30 mm × 4 mm was utilized as a reference sample. Copper is widely used in flame nozzles and combustion chambers due to its fire resistance and explosion prevention. In addition, the CTE value of copper has been well characterized in large amounts of literature.
The copper sample was placed on the stage without restraint so that the sample can expand freely under thermal loading. Since we use the specimen edge distance change to calculate the CTE, the rigid body motion can be neglected. At the beginning of the experiment, an original image was recorded at room temperature (25°C), shown in Fig. 7(a) . The images of the deformed specimen were consecutively recorded in the temperature range of 60°C-1000°C with a temperature interval of 20°C, and 49 images were recorded during the whole process.
The images recorded at 400°C, 800°C, and 1000°C were illustrated in Figs. 7(b), 7(c), and 7(d), respectively. For accuracy, during analysis, the calculation of the width change is divided into three segments by locating the seeds on the upper, middle, and lower region, respectively. In each segment, the distance between two edges was calculated. Specifically, the distance was defined as the length of the central line in each region, as illustrated in Fig. 8 . Afterward, the average length of the three segments is calculated as the width of the specimen:
After computing the specimen width (e.g., d 0 ; d 1 ; d 2 …d 48 ) at different temperatures, the change of the width Δd i was obtained through the equation 
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The results illustrated in Fig. 9 show clearly that the specimen width broadened evenly with temperature rising. Then the CTE of the specimen was calculated using the following equation: Figure 10 shows the measured CTEs in the red line and the CTE in handbook in the black line [30] . From the comparison we can see that the two values are very close overall. At temperature intervals 400°C-800°C, the measured values are a little larger than the value in the handbook; this difference is probably because the specimen was oxidized and then the oxide layer widened the specimen. With temperature rising, the oxidation slowed down when the oxide layer covered the specimen surface, so the CTE value became close again at 800°C-1000°C. In general, this result clearly confirms the accuracy of the proposed structural deformation measurement method at high temperatures.
DISCUSSION
According to Eq. (13), the accuracy of the measured CTE of the sample relies on two factors: (a) the accuracy of the thermal expansion deformation computed by image processing, and (b) the accuracy of the temperature measured by the sensor. The latter factor can be easily controlled by using a highaccuracy temperature sensor, hence the accuracy of the CTE mainly depends on the computation of the thermal expansion deformation. The accuracy of the Canny operator we used here is pixel level. Then Zernike moments operator improves the accuracy to the subpixel level. Normally, the accuracy of the Zernike moments operator algorithm can achieve 0.01 pixels [31] . In addition, the Hough transform we used here does not change the accuracy of the former edge detection. Thus, the thermal deformation error can be computed as e d j0.01 0.01j∕D from Eq. (13), where D is the average distance between two edge lines. In this experiment, D is around 540 pixels and the temperature change between two consecutive images is 20°C. Therefore, the error of the CTE value is e CTE e d ∕20, about 1.85 μm • m −1°C−1 . This accuracy is close to that measured by an in-fiber Bragg-grating sensor, which reported to be 1.75 μm • m −1°C−1 in [32] (convert to same temperature interval). However, the proposed method has the advantages of simple experimental set-up and operation and high robustness of the environment noise; therefore, the technique is worthy of employment for practical structural deformation measurement. 
CONCLUSION
In this paper, a structural deformation measuring method for high-temperature application based on edge detection is proposed. A rectangular piece of copper specimen is adopted for the validation of this method up to a temperature of 1000°C. The coefficients of thermal expansion of the copper specimen at different temperatures are measured and compared with the literature value. Results show a favorable accuracy of the method. This method is applicable for the high-temperature deformation measurement of structural components, especially for those going through drastic surface morphology change, while the edges remain detectable. 
